Abstract: The hot deformation behaviors of an aged Inconel 718 superalloy are investigated by isothermal compression experiments at four strain rates and five deformation temperatures on a Gleeble-3500 thermo-mechanical simulator. The experimental results show that the true stresses are obviously affected by strain rate and deformation temperature. The true stress increases rapidly at the beginning of hot compressive deformation, which ascribes to the intense work hardening. The true stresses at high deformation temperatures are lower than those at lower deformation temperatures. The dynamic softening induced by DRX is weak at a relatively low deformation temperature. A strain-compensated Arrhenius-type constitutive equation linked with true stress, strain rate and deformation temperature is developed for the studied superalloy. The material constants (α, n, Q and A) in the developed model are expressed as the functions of true strain. The flow stresses calculated by the developed constitutive equation are nicely consistent with the experimental ones, which confirms that the developed constitutive equation can accurately describe the hot deformation behaviors of the studied superalloy.
Introduction
Deformation behaviors of alloys in high temperature forming processes (hot rolling, forging and extrusion) are often complicated, and difficult to accurately describe [1] . It is recognized that the deformation temperature and strain rate play huge impacts on the mechanisms of work hardening, as well as dynamic softening induced by dynamic recrystallization (DRX) [2] [3] [4] [5] or dynamic recovery (DRV) [6] [7] [8] [9] [10] . The constitutive models link with flow stress, temperature and the strain rate, mathematically represents the flow properties of alloys. Generally, it is necessary to establish suitable constitutive model to analyze deformation responses of alloys under specific load conditions [1, 6, 11] . To accurately describe the hot deformation behaviors of alloys, a great number of researchers have focused on the development of constitutive models [1, 12] . Lin et al. [13] developed a strain-compensated Arrhenius-type constitutive equation to describe relationship between flow stress and deformation parameters (deformation temperature and strain rate) for a 42CrMo steel. Also, similar constitutive models were established to describe the flow behaviors of various alloys [5, [14] [15] [16] [17] .
Compared with other models such as Zerilli-Armstrong, the stain-compensated Arrhenius-type constitutive model can more accurately describe the flow behavior of alloys [1, 13] . Recent researches combine with some typical intelligent method such as artificial neural network (ANN), support vector regression model, and deep belief networks, which are also popular in predicting deformation behavior [8, [18] [19] [20] [21] .
Inconel 718 superalloy, as a typical nickel-base superalloy, is extensively applied in aerospace and energy industries, due to its superior mechanical properties. Moreover, its good workability makes forging and welding easy [22] [23] [24] [25] [26] [27] . For Inconel 718 superalloy, Arrhenius-type constitutive equations were also used to describe hot deformation behaviors [16, 28] . Azarbarmas et al. [29] improved Arrhenius-type equation by multivariable regression. Lin et al. [29] developed the constitutive formulas for Inconel 718 superalloy to characterize the high-temperature deformation behavior at both dynamic softening and work hardening stages.
Although, some constitutive models have been developed to describe the hot deformation behaviors of superalloys, the further investigations on the hot compressive deformation behavior are still needed to optimize the hot forming parameters. In this study, isothermal compression tests are conducted to investigate the hot deformation behavior of an aged Inconel 718 superalloy. A strain-compensated Arrhenius-type constitutive model is established to predict the flow stress. In addition, the error analysis for the established constitutive equation is also analyzed.
Materials and experiments
A commercial Inconel 718 superalloy was employed in this study. Its chemical compositions (wt. %) were shown in Table 1 . Cylinder specimens with size of Φ8mm × 12mm were cut from the forged billet. Before the compression, the samples were solution-treated for 45 min at 1,040°C, and then quenched by water. Afterwards, the solution-treated samples were aged at 900°C for 6 h, followed by water quenching. Isothermal compression experiments were carried out on a Gleeble-3500 thermal mechanical simulator. Four strain rates (0.001, 0.01, 0.1, and 1 s ) and five deformation temperatures (920°C, 950°C, 980°C, 1,010°C, and 1,040°C) were chosen according to the industry forming process of the studied superalloy. The deformation degree (height reduction of the initial samples) was 60 % height of the initial samples. Prior to the hot compressive deformation, the specimens were heated to the designed deformation temperature a rate of 10 o C/s, and maintained for 300 s to ensure the uniform temperature distribution. Thin tantalum foil (0.1 mm) was placed between the specimen and dies to reduce the friction and avoid the adhesion. The true stress and strain were automatically obtained by the test system.
Results and discussion
Flow characteristics Figure 1 shows the relationship between the true stress and true strain. Clearly, it indicates that the true stresses are susceptible to the deformation temperature and strain rate. The true stress increases rapidly at the beginning of deformation. Afterwards, it progressively decreases until a fairly steady state appears. The feature of the true stress-strain curves can be ascribed to the intense competition between the work hardening and dynamic softening (caused by DRV and DRX) mechanisms [3, 4, 7, 30] . At the incipient deformation stage, the multiplication and accumulation of dislocation stimulate the intense work hardening in the deformed block. However, the dynamic recovery induced by dislocation climb and cross-slip is too weak to neutralize the work hardening [7, 10, 12, 31] . Thus, the true stress rapidly rises with the increase of true strain. Once the accumulated dislocation density exceeds the critical strain for DRX, the nucleation and growth of DRX grains proceed, which cause the annihilation and rearrangement of dislocation, and the work hardening is weaken. Especially, DRX plays the dominant role on dynamic softening after the peak stress [21, 24, 32] . Therefore, the true stress is continuously decreased. At a relatively large strain, the true stress keeps an almost steady state, which is attributed to a new balance between the work hardening and dynamic softening. From Figure 1a , it is noteworthy that the true stress increases as the strain rate is raised at a fixed deformation temperature. The reason is that high dislocation density caused by work hardening at high strain rates can lead to the large deformation resistance [33] . In the meantime, as shown in Figure 1b , the true stresses at high deformation temperatures are lower than those at lower deformation temperatures. This is because low deformation temperature hinders the grain boundary mobility, as well as the nucleation and growth of dynamic recrystallization [34] . So, the softening induced by DRX is weak at a relatively low deformation temperature [7, 35] .
Determination of the material constants
Arrhenius-type equation is usually applied to depict the inner connection of true stress, strain rate and deformation temperature. Meanwhile, the Zener-Hollomon parameter is widely used to demonstrate the coupled influence of deformation temperature and strain rate on the hot deformation behaviors [36] .
According to eq. (1), the strain rate can be expressed as the function of true stress and the deformation temperature, i. e.
where
where_ ε represents the strain rate (s − 1 ), σ means the true stress (MPa), R is the universal gas constant (R = 8.31Jmol
, T refers to the deformation temperature (K), and Q is the apparent deformation activation energy (kJmol − 1 ). n implies the stress exponent, A, α and n 1 are the material constants, where α = β=n 1 . Generally n ≠ n 1 , although n = n 1 occurs at a certain α.
For the low-level stress (ασ < 0.8), the strain rate can be obtained by eq. (1):
For the high-level stress (ασ > 1.2), the strain rate can be expressed as
where material constants A 1 and A 2 are independent to the deformation temperatures. To calculate the above parameters, the true stress-true strain data obtained from isothermal compression experiments with the strain rate ranging from 0.001 to 1 s −1 and deformation temperature ranging from 1,193 to 1,313 K (920-1,040°C) are applied. Logarithmic form of each side of eqs. (4) and (5), gives,
ln _ ε = ln A 2 + βσ − Q=ðRTÞ.
Afterwards, true stresses σand associated strain rates _ ε at a selected deformation strain of 0.4 are substituted into eqs. (6) and (7). Then n 1 can be obtained from the slope of ln _ ε − ln σ, and β is identified from the slope of ln _ ε − σ. In order to determine the values of Q, A and α, the parameters n 1 and β can be defined as, Figure 2 shows relationship of true stresses and strain rate at true strain of 0.4. Then the parameters n 1 and β can be identified from the slops of ln σ − ln _ ε and σ − ln _ ε, respectively. Here n 1 and α are 5.347 and 0.0416 MPa −1 .
For all the stress level, eq. (2) can be written as:
Taking logarithm of each side of eq. (10) gives
Figure 3a illustrates ln sinh ασ ð Þ ½ and ln _ ε plot. Visibly, there is a linear relationship between ln sinh ασ ð Þ ½ and ln _ ε. Thus, n can be easily determined by eq. (12) as 3.948.
Differentiating eq. (10) gives,
The value of activation energy Q can be obtained from the slopes of ln sinh ασ ð Þ ½ − 1=T plot (Figure 3b) , and Q is identified as 450.977kJ Á mol − 1 .
For all the stress level, eq. (1) can be represented as the following,
According to eq. (14), the true stress (σ) can be rewritten as a mathematical function with independent variable of Zener-Hollomon. Thus, the proposed constitutive model can be revised as:
The logarithm conversion of each side of eq. (14) can be expressed as,
According to measured true stress-strain data, the correlation between ln Z and ln½sin hðασÞ can be depicted in Figure 4 . Thus, A can be estimated as 9.661 × 10 16 s −1 .
Accordingly, n can be re-determined as 3.893. Summarily, the constitutive equation of Inconel 718 superalloy can be expressed as,
Using the similar procedure, the material constants (α, n, Q, A) can be obtained at different strains. The range of deformation strains is chosen from 0.03 to 0.6 at an interval of 0.038. Then, the relationship between α, n, Q, lnAand strain for the studied superalloy ( Figure 5 ) can be identified by the fitting method, i. e.
where the material constants of α, n, Q, ln A are given in Table 2 .
Verification of the developed constitutive equations
The true stresses of measured and predicted are compared, as shown in Figure 6 . Remarkably, there is a satisfied accordance between measured and predicted stress. So, the established constitutive model is reliable to describe the hot deformation behaviors of the studied superalloy. The relative error between the predicted and measured true stresses is counted by eq. (19), 
where σ P denotes the predicted stress, and σ M means measured true stress. Standard deviation is calculated by eq. (20),
where N is the number of samples, x is the average of relative errors. Table 3 exhibits the error evaluating for the established model. It can be seen that the maximum average relative error of estimating the true stress is 2.49 %, and the maximum standard deviation of relative errors is 12.48 %, which occurs at the relatively low deformation temperatures and high strain rates, such as 920°C and 1 s − 1 . The larger deviations are related to the weak dynamic recovery at high strain rates. The previous investigation [37] indicates that the stacking fault energy is low for the studied superalloy. Accordingly, the mobility of dislocations reduces the mobility of dislocations Table 2 : The values of α, n, Q, lnA for the studied superalloy. and the DRV rate is lowered. Particularly, there is no sufficient time for the dislocation climb and cross slip. So, the actual DRV rate is lower than that of the predicted one. Thus, there is a relatively large deviation between the predicted and experimental true stresses at the high strain rates and low deformation temperatures. However, at other tested conditions, the developed constitutive model can give an accurate estimation of the true stress for the studied superalloy. So, it can be applied to the actual hot forming process.
Conclusions
The deformation characteristics of Inconel 718 superalloy are investigated by hot compression tests at wide ranges of deformation temperature and strain rate. Some remarkable conclusions can be summarized as:
(1) The true stresses are susceptible to the deformation temperature, strain rate and strain. The true stress increases rapidly at the beginning of deformation, which ascribes to the intense work hardening. The true stresses at high deformation temperatures are lower than those at lower deformation temperatures. The dynamic softening induced by DRX is weak at a relatively low deformation temperature. (2) A strain-compensated Arrhenius-type constitutive equation is developed to predict the flow stress of studied superalloy. In the established model, the material constants (α, n, Q and A) are expressed as the functions of true strain. (3) A nice agreement between the experimental and predicted true stresses indicates that the developed constitutive equation can reliably describe the hot deformation behavior of the studied superalloy. 
